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During development, directional cell division is
a major mechanism for establishing the orientation
of tissue growth. Drosophila neuroblasts undergo
asymmetric divisions perpendicular to the overlying
epithelium to produce descendant neurons on the
opposite side, thereby orienting initial neural tissue
growth. However, the mechanism remains elusive.
We provide genetic evidence that extrinsic GPCR
signaling determines the orientation of cortical po-
larity underlying asymmetric divisions of neuroblasts
relative to the epithelium. The GPCR Tre1 activates
the G protein oa subunit in neuroblasts by interacting
with the epithelium to recruit Pins, which regulates
spindle orientation. Because Pins associates with
the Par-complex via Inscuteable, Tre1 consequently
recruits the polarity complex to orthogonally orient
the polarity axis to the epithelium. Given the universal
role of the Par complex in cellular polarization, we
propose that the GPCR-Pins system is a comprehen-
sive mechanism controlling tissue polarity by orient-
ing polarized stem cells and their divisions.
INTRODUCTION
During development, tissues grow through dynamic cell behav-
iors including division, rearrangement, and migration. The direc-
tions of these elementary processes play a key role in the
orientation and shape of tissues in developing organisms
(Baena-Lo´pez et al., 2005; Fischer et al., 2006; Tang et al.,
2011; Yamashita et al., 2003). Tissue stem cells widely function
as a source of cells that constitute a tissue as typically seen in
the nervous system, and the directional division of stem cells is
a crucial step for the proper establishment and maintenance of
tissue polarity and morphogenesis. Drosophila neural stem cells
called neuroblasts (NBs) have provided an excellent model for
the study of the asymmetric division of stem cells. In the embry-
onic development of the central nervous system (CNS), the NB is
located beneath the epithelium and undergoes asymmetric
cell divisions to produce a daughter NB and a differentiating
daughter, ganglion mother cell (GMC). The daughter GMC
divides once more to produce a pair of neurons. The orientation
of asymmetric divisions and the underlying cell polarity is tightly
regulated in NBs. The cortical polarity in NBs is formed along theDeveapico-basal axis, which is perpendicular to the epithelial layer,
and the mitotic spindle is well aligned with this polarity axis.
Consequently, NBs bud off their daughter GMCs to the opposite
side of the epithelium (Knoblich, 2008; Prehoda, 2009; Yu et al.,
2006). Therefore, embryonic NBs are a useful model to analyze
the mechanism that regulates the relative orientation of cell
polarity and the directional divisions of stem cells within tissues.
The asymmetric divisions of NBs are regulated cell-autono-
mously by the polarity complexes, which consist of the Par-
complex (Par-3 [Bazooka], Par-6, and DaPKC), the Pins-Gai
complex and Inscuteable (Insc) and localize to the apical cortex.
The Par-complex localizes cell fate determinants such as Pros-
pero (Pros), Brat, and Numb and their adaptors Miranda (Mira)
and Pon to the basal cortex of the NB to form the molecularly dis-
tinct apical and basal cortical domains (Betschinger et al., 2006;
Hirata et al., 1995; Ikeshima-Kataoka et al., 1997; Knoblich et al.,
1995; Lu et al., 1998; Petronczki and Knoblich, 2001; Rhyu
et al., 1994; Schober et al., 1999; Shen et al., 1997; Wodarz
et al., 1999, 2000). The Pins-Gai complex regulates the orientation
of themitotic spindle. The Par-complex and Pins-Gai complex are
associated with each other through Insc, which physically inter-
actswithBazooka and Pins. The formation of the polarity complex
ensures that the mitotic spindle orientation is well aligned with the
cell polarity axis (Kraut et al., 1996; Parmentier et al., 2000; Schae-
fer et al., 2000, 2001; Yu et al., 2000) and that the cell fate determi-
nants are inherited by the basal daughter cell, which becomes the
GMC. Meanwhile, the apical daughter cell remains a NB to con-
tinue the self-renewal. However, the function of the polarity com-
plex does not explain how the cortical polarity (and the division
axis) of NBs orients perpendicular to the overlying epithelial layer.
A previous study has suggested that the orientation of NB
polarity in the larval CNS was determined by the position of
the centrosome (Januschke and Gonzalez, 2010). In the larval
NBs, the centrosome acts as a landmark to memorize the
cortical position of the polarity complex; the centrosome main-
tains astral microtubules interacting with the cell cortex beyond
cell cycle, and specifies the position of the polarity complexes at
the next round of the cell cycle. The disruption of microtubules
hence disrupts the memory of this landmark, resulting in mispo-
sitioning of the polarity complexes. In the embryonic CNS, one
centrosome is always localized at the apical side of the NB as
well after the first cell cycle (Kaltschmidt et al., 2000; Rebollo
et al., 2009). However, the apical localization of polarity com-
plexes is not significantly affected by the treatment with
microtubule-disrupting agents (Siegrist and Doe, 2005). These
data suggest that the centrosome/microtubule is not the sole
determinant of the orientation of NB polarity in the embryonic
CNS, in contrast to the larval CNS.lopmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc. 79
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been suggested to be determined in a non-cell-autonomous
manner (Siegrist and Doe, 2006). Using the dissociation culture
system, this previous study has shown that NBs contacting over-
lying epithelial cells divide in the same direction that is opposite
to the epithelia-NB contact site during themultiple rounds of divi-
sion. However, NBs that are isolated from the epithelia divide
into random directions. These results suggest that the epithelial
cells provide some cues for NBs to orient the division axis
perpendicular to the epithelial layer; however, the underlying
mechanisms remain unknown.
In the current study, we present genetic evidence that Tre1,
which encodes a rhodopsin family orphan GPCR, regulates the
relative orientation of cortical polarity in embryonic NBs with
regard to the overlying epithelium. We found that tre1mutations
compromised the orientation of cortical cell polarity in NBs
without affecting the formation of cell polarity itself. In addi-
tion, we showed that Tre1 acted through the activation of the
G protein oa (Goa) to recruit Pins, thereby recruiting the Par-
complex through the interaction with Insc. Our results reveal
a mechanism that regulates the orientation of the polarity and
division of stem cells relative to the surrounding cells or tissues.
This mechanismmay play a comprehensive role in the establish-
ment and maintenance of tissue polarity and morphogenesis.
RESULTS
tre1 Mutants Show Defective Orientation of NB Polarity
To search for molecules that are involved in the non-cell-
autonomous control of NB orientation, we screened deficiencies
that uncovered genes encoding transmembrane proteins ex-
pressed in NBs using Mira and phospho-Histone H3 (pH3) as
markers to visualize the orientation of the Par-complex polarity
and the division axis in embryonic NBs, respectively. We identi-
fied trapped in endoderm 1 (tre1), which encodes the rhodopsin
family orphan GPCR (Kamps et al., 2010; Kunwar et al., 2003,
2008), as a candidate.
To determine whether Tre1 is involved in the regulation of
NB polarity, we made deletion mutants of tre1 by performing
imprecise excision of the P-element and obtained three indepen-
dent alleles of tre1mutants (tre1D10, tre1D25, and tre1D28), which
appeared to be null and homozygous viable and fertile (see
Figures S1A and S1B available online). We analyzed tre1mutant
phenotypes in embryonic NBs and found that tre1 mutations
significantly affected the orientation of NB polarity relative to
the ectoderm. The crescent of the Par-complex was variably
oriented in mutant embryos, whereas the Par-complex was
nearly facing the overlying ectoderm in wild-type embryos (Fig-
ures 1A–1D). We did not observe any obvious defects in the first
round of NB division or in the orientation of epithelial cell polarity
and division (Figures S1C–S1J; see Discussion). All three alleles
induced an identical phenotype, which was rescued by a
genomic fragment of tre1 gene (see below). These results con-
firm that the tre1 mutation causes this phenotype.
tre1Mutants Do Not Affect the Formation of NB Polarity
We investigated whether Tre1 was involved in the formation of
cell polarity and the coordination of the mitotic spindle orienta-
tion with cell polarity. In tre1mutants, we observed that the cres-80 Developmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Incents of the Par-complex andMira formed onmutually opposing
sides of the NB cortex as in wild-type embryos. In addition, the
Pins-Gai complex and Insc were localized on the same cortical
side as the Par-complex (Figures 1K–1N; Figures S2A–S2H).
The division axis was well coordinated with the orientation of
the basal determinants unlike pins mutants or mud mutants,
which showed defective coupling of the spindle orientation
with cell polarity (Figures 1E–1J; Figures S2I–S2L; Bowman
et al., 2006; Izumi et al., 2006; Siller et al., 2006; Yu et al.,
2000). This result indicates that the Pins-Gai complex that regu-
lates spindle orientation is normally formed and coupled with the
Par-complex via Insc. Therefore, the tre1 mutation specifically
affected the orientation of the NB polarity without affecting the
formation of cell polarity and spindle-polarity coupling. These
results suggest that Tre1 is involved in a mechanism that regu-
lates the orientation of NB polarity relative to the epithelium.
Defects in the Orientation of NB Polarity Result in the
Disorganized Stratification of Developing CNS Tissue
To assess the effects of randomized NB orientation on the CNS
tissue development, we analyzed the positioning of GMCs and
neurons, which are the progenies of NBs. In wild-type embryos,
directional NB divisions generated a pseudostratification of
NBs, GMCs and neurons inward from the epithelium (Figures
1O and 1Q). In tre1 mutants, the perturbation of NB orientation
resulted in abnormal positioning of GMCs and neurons; the
positions of NBs, GMCs and neurons were intermingled, which
resulted in the disorganized stratification of the developing
CNS tissue (Figures 1P and 1R). These results indicate that
proper orientation of cortical polarity is Tre1 dependent and
essential for the orientation of early CNS tissue growth.
Neuronal Positioning Is Corrected at the Later Stage
of Development in tre1 Mutants
We further investigated the effects of the aberrant NB orientation
on CNS tissue development at the later stage of development by
examining the position of neurons from two identified NBs,
NB 7-1 and NB 7-3 (Bossing et al., 1996; Isshiki et al., 2001; Lun-
dell and Hirsh, 1998), which assumed the expected fates in tre1
mutants (Figure S3). In the wild-type embryo, Even-skipped+ U
neurons that were derived from NB 7-1 were located within
a 16 mm circle (Figure 2A, 100%, stage 14). The total distance
of the four Eagle+ neurons that were derived from NB 7-3 was
14.5 ± 2.5 mm (Figures 2E, 2I, and 2J, mean ± SD, stage 15).
Surprisingly, these neurons adopted nearly normal positions in
tre1 mutants, despite their defects at birth (Figures 2B, 2F, 2I,
and 2J, Even-skipped+ U neurons: 100% and Eagle+ neurons:
14.6 ± 2.0 mm).We also examined the axonal fasciculation, which
was visualized using anti-Fasciclin II (FasII) antibodies (Schuster
et al., 1996). In the wild-type embryo, there are two major axon
bundles named the intersegmental nerve (ISN) and the seg-
mental nerve (Thomas et al., 1984). The fasciculations of these
two axon bundles were nearly unaffected in tre1 mutants
(Figures 2L and 2O, early stage 15). These results indicate that,
in tre1 mutants, the abnormal positioning of neurons due to the
defective NB orientations was corrected during development,
and suggest that compensatory mechanisms exist to overcome
the aberrant ‘‘birthplaces’’ of neurons to guarantee the robust
development of CNS tissue.c.
Figure 1. The tre1 Mutants Showed Defects in NB Orientation
(A and B) The orientation of NB polarity in wild-type (A) or tre1 mutant (B) at stage 10. Arrows; NB polarity orientation. Brackets; epithelial layer.
(C–F) NB polarity orientations were measured based on the angles between the axis of the Mira crescent and the epithelial plane in wild-type (C), tre1mutant (D),
pins mutant (E), or mud mutant (F) in metaphase.
(G–J) The alignment of the spindle orientation with the polarity was measured based on the angle between the axis of the Mira crescent and the spindle axis in
wild-type (G), tre1 mutant (H), pins mutant (I), or mud mutant (J).
(K–N) Localization of Par-6 (K and L) and Pins (M and N) in wild-type (K and M) or tre1 mutant (L and N).
(O and P) Pseudo-stratification of NBs and GMCs in wild-type (O) or tre1 mutant (P) at stage 10. NBs expressed Worniu (Wor) but not nuclear Pros. GMCs
expressed Wor and nuclear Pros. Arrowhead; GMCs in abnormal positions.
(Q and R) Pseudo-stratification of NBs (Elav- Asense+), GMCs (Elav+ Asense+) and neurons (Elav+ Asense-) in wild-type (Q) or tre1 mutant (R) at stage 11.
Arrowhead; GMCs and neurons in abnormal positions.
Scale bar: 10 mm.
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Glia Interaction Guarantee Robust CNS Development
We hypothesized that this robustness of CNS development may
be attributed to the interaction between neurons and other cell
types. A likely candidate for this interacting cell type is the glial
cell because a type of glial cells supports neurons by wrapping
neuronal clusters in the larval CNS to restrict neuronal posi-
tioning (Awasaki et al., 2008; Dumstrei et al., 2003).DeveTo investigate the effect of glial cells on neuronal posi-
tioning, we used the repo mutants that left glial cells immature
and consequently nonfunctional (Halter et al., 1995; Xiong
et al., 1994), which abolished the neuron-glia interaction. Glial
development was not affected in tre1 mutants (Figures S2M
and S2N). In repo mutants (repo03702), NB divisions were unaf-
fected (data not shown). Previous studies have shown that, in
repo mutants, the overall neuronal development is largelylopmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc. 81
Figure 2. The tre1;repo Double Mutants Displayed Abnormal Neuronal Positioning and Axon Fasciculation
(A–D) The clusters of Even-skipped+ U neurons (stage 14) generated from NB 7-1 were located within the 16-mm diameter region (white circles) in wild-type
(A, n = 20), tre1mutant (B, n = 20), and repomutant (C, n = 20). However, 26%of these clusters were dispersed out of this range in tre1;repo double mutant (D, red
boxes, n = 20).
(E–H) Distribution of four Eagle+ neurons generated from NB 7-3 (stage 15) in wild-type (E), tre1 mutant (F), repo mutant (G), or tre1;repo double mutant (H).
(I and J) The distribution (I) and average (J) of the total distance between each Eagle+ neuron (inset) show a significant difference between the tre1;repo double
mutant and wild-type, tre1 mutant, and repo mutant (n = 30).
(K–N) Axonal fasciculation of FasII+ motor neurons (early stage 15) was abnormal in the ISN in tre1;repo double mutants (N, red boxes), compared with wild-type
(K), tre1 mutant (L), or repo mutant (M).
(O) Percentage of segments with these defective axonal fascicules (n = 20). Mean ± SD is shown in (J) and (O). **p < 0.01. ***p < 0.001. Anterior is up.
Scale bar: 10 mm.
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and condensation of the ventral nerve cord (Halter et al., 1995;
Xiong et al., 1994), and we were able to confirm these points;
the neuronal positioning was unaffected in repomutants (Figures
2C, 2G, 2I, and 2J, Even-skipped+ U neurons: 100% and Eagle+
neurons: 14.7 ± 2.7 mm), there were few defective ISNs (Figures
2M and 2O, 18.1% ± 15.7%), and the ventral nerve cords re-
mained slightly extended (Figure S4, stage 16). However, in
tre1;repo double mutants, 26% ± 14.7% of the Even-skipped+
U neuronal clusters, which containedmotoneurons, were spread
outside the 16-mm circular region (Figure 2D), and the total
distance between each Eagle+ neuron was significantly longer
than wild-type embryos or each single mutant embryos (Figures
2H, 2I, and 2J, 19.0 ± 6.6 mm). Furthermore, we observed that82 Developmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier In79.7% ± 10.4% of the ISNs in tre1;repo double mutants showed
defective fasciculation (Figures 2N and 2O), and that the ventral
nerve cord was incompletely shortened in tre1;repo double
mutants, resulting in a bent ventral nerve cord (Figure S4). These
observations suggest that glial function corrects abnormal
neuronal positions that are caused by defective NB orientations
in the tre1 mutant, leading to correct axon fasciculation. Our
results thus suggest that precise neuronal deposition and
compensatory neuron-glia interactions underlie robust CNS
development.
We then investigated how interactions between neurons and
glia were involved in precise neuronal deposition, by examining
the spatial relationship between glial cells and Even-skipped+
neuronal clusters described above at stage 15 when defectsc.
Figure 3. Spatial Relationship between
Neurons and Glial Cells
(A and B) Spatial relationship between Even-
skipped+ (Eve+) neuronal nuclei and glial cell
membranes at stage 15. Glial cell membranes
were visualized by repo-Gal4;UAS-CD8-GFP. The
Z-stacked image (A) and the three-dimensional
(3D) view (B) are shown. Medially located U neu-
ronal nuclei (arrow) were partially, if any, associ-
ated with glial cells while laterally located EL
neuronal nuclei (arrowhead) were tightly associ-
ated with and enwrapped by glial cell membranes.
(C and D) Spatial relationship between U moto-
neurons and glial cells at stage 15. Morphologies
of U neurons were visualized by CQ2-Gal4;UAS-
tau-LacZ (Landgraf et al., 2003), which marks
a subset of NB 7-1 progenies including U neurons.
Glial cell nuclei were visualized by staining with
anti-Repo antibody. The Z-stacked image (C) and
the three-dimensional (3D) view (D) are shown.
Few, if any, cell bodies (arrows) of U neurons were
associated with glial cells while their axonal fas-
cicules (arrowheads) were tightly associated with
nerve root glia.
(E) Schematic drawing of the spatial relationship
between U neurons and glial cell nuclei. In (A)–(D),
ventral is top to better view the positions of cell
bodies and axons of U neurons and glial cells.
(F–I) Axons of U neurons in wild-type (F), tre1
mutant (G), repo mutant (H), or tre1;repo double
mutant (I) at stage 15. Fasciculation of the axons of
U neurons were often disarranged in tre1;repo
double mutant (H, arrowhead). repo03702 allele is an enhancer trap line which express nuclear LacZ under control of repo promoter, so that glial cells were also
stained in (H) and (I). A; anterior, L; lateral, V; ventral. Anterior is up.
Scale bar: 10 mm.
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the spatial relationship of neuronal clusters with the glia varied
depending on the neuronal clusters; in the EL neuronal cluster,
most cell bodies appeared to be associated with or enwrapped
by neighboring glial cells. On the other hand, few, if any, cell
bodies of the U neuronal cluster were associated with glial
cells. Instead, their axons extending to the muscles were tightly
associated with the nerve root glial cells (Ito et al., 1995; Figures
3A–3E; Movies S1 and S2). We also observed aberrant fascic-
ulation of the axons of U motoneurons in tre1;repo double
mutants, which were running through the ISN tract (Figures
3F–3I), an observation consistent with our results about ISNs
(Figures 2K–2O). These results suggest that the interaction
between axons and glial cells is important as a compensatory
mechanism to correct neuronal positioning in some neuronal
clusters.
Tre1 Cell-Autonomously Functions in NBs to Orient
the NB Polarity
To address the question of how Tre1 orients NB polarity, we
investigated the cell type in which Tre1 functions. Although we
failed to detect endogenous Tre1 protein by using specific anti-
bodies, the tre1 genomic fragment containing the Myc-tagged
Tre1 (tre1mg), which could rescued the tre1 phenotype (Figures
4A, 4B, and 4H), allowed us to visualize the distribution of the
Tre1 protein that was expressed under the control of the Tre1
endogenous promoter. We found that the Myc-tagged Tre1Devewas clearly observed in NBs, and was distributed along the
entire cell cortex throughout the cell cycle (Figures 4C and 4C0).
However, Myc-tagged Tre1 was weak in GMCs and scarcely
detectable in neurons and epithelial cells (Figures S5A–S5F).
These results suggest that Tre1 functions in NBs. Furthermore,
Tre1 expression that was driven by neuronal lineage-specific
pros-Gal4 rescued the tre1 phenotype (Figures 4D, 4E, and 4I),
indicating that Tre1 expression in NBs and their descendant cells
is sufficient to orient NB polarity. Therefore, we concluded that
Tre1 cell-autonomously functioned in NBs to control the orienta-
tion of NB polarity in embryos.
We also examined whether Tre1 requires microtubule func-
tion in the orientation of the embryonic NB polarity by dis-
rupting microtubules with colcemid, and confirmed that NB
orientation relative to the epithelium was not affected by micro-
tubule disruption in the embryonic CNS as previously sug-
gested (Siegrist and Doe, 2005), whereas in tre1 mutants NB
polarity orientation was compromised (Figures S5G–S5I). This
indicates that, in contrast to the larval NBs, the Tre1-depen-
dent orientation of NB polarity is independent of centrosome/
microtubule function in the embryos. We noted that microtu-
bule disruption slightly enhanced the tre1 phenotype in NB
orientation, resulting in an increase in the percentage of NBs
with higher angles of division (Figure S5I), suggesting that
centrosome/microtubule function restricts NB orientation to
some degree in the absence of Tre1-dependent mechanisms
(see Discussion).lopmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc. 83
Figure 4. Tre1 in NBs Received Signals from
Epithelial Cells
(A and B) Orientation of NB polarity (A) and
stratification of NBs and GMCs (B) in tre1;tre1mg
embryos.
(C and C0) Myc-Tre1 in tre1mg embryo was
distributed throughout the cortex of NBs (arrow-
head).
(D and E) Orientation of NB polarity (D) and strati-
fication of NBs and GMCs (E) in tre1;pros-Gal4;
UAS-myc-tre1 embryos.
(F and G) Orientation of NB polarity in the proce-
phalic region of wild-type (F) or tre1 mutant (G),
where there is no cell beneath the NBs (brackets).
Cell boundaries were visualized using BP106
staining.
(H–K) Statistical analysis of the orientation of NB
polarity in tre1;tre1mg (H) or tre1;pros-Gal4;UAS-
myc-tre1 (I) embryos and in the procephalic region
of wild-type (J) or tre1 mutant (K).
Scale bar: 10 mm.
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Cells
A previous study has suggested that NB orientation is regulated
by extrinsic signals from epithelial cells in a non-cell-autono-
mous manner (Siegrist and Doe, 2006). However, other cell
types such as mesodermal cells may contribute to this process
in a Tre1-dependent manner. To address this possibility, we
analyzed NB orientation in the embryonic procephalic region
(mitotic domain 9, Foe, 1989), in which there are only epithelial
cells, NBs and their progeny cells. In this region, NBs were
oriented perpendicular to the epithelium as in the ventral neuro-
genic region (Figures 4F and 4J). We found that these directional
divisions were compromised in the tre1 mutant (Figures 4G
and 4K). These results suggest that Tre1 functions in the orienta-
tion of procephalic NBs. This observation is consistent with the
idea that extrinsic signals are provided by the epithelium that
overlies these NBs in the procephalic region. Therefore, Tre1
most likely functions in NBs to mediate signals from overlying
epithelial cells in the embryonic CNS.
Tre1 Physically Interacts with Goa and Acts through
the Activation of Goa
We analyzed the molecular mechanism of Tre1-dependent
orientation of NB polarity. To identify the downstream effecter
of Tre1, we searched for binding proteins of Tre1 using a coim-
munoprecipitation (co-IP) assay in S2 cells against known
polarity genes and Ga proteins. We found that Tre1 selectively
interacted with the wild-type form, GDP (G203T)-form and GTP
(Q205L)-form of Goa (Figure 5A) but not with Gai in vitro
(Figure 5B).
Goa is uniformly distributed along the cortex in NBs (Schaefer
et al., 2001). However, the physiological role of Goa in NBs is84 Developmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc.unknown. Embryos lacking Goa were
not available because germline clones of
the null mutant allele of Goa (Goa0611)
do not produce eggs (Katanaev et al.,
2005; data not shown). Therefore, we
used pertussis toxin (PTX) to inhibitGPCR-dependent activation of Ga through ADP-ribosylation of
Ga proteins (Moss and Vaughan, 1988). PTX specifically inhibits
Goa because Goa is the only Ga subunit that contains Cys 351
susceptible to ADP-ribosylation among six Drosophila Ga sub-
units (Figure 5C; Guille´n et al., 1990). PTX expression induced
by the neuronal sca-Gal4 driver caused a phenotype that was
identical to that of tre1 mutant NBs (Figures 5D–5G). This effect
of PTX on NB orientation was rescued by the simultaneous
expression of PTX-resistant Goa (C351G, Wise et al., 1997; Fig-
ure 5H). These results demonstrate that Goa activation was
mediated by Tre1. In contrast, the constitutive GDP- or GTP-
bound forms of PTX-resistant Goa did not rescue this phenotype
(Figures 5I and 5J), indicating that the GDP-GTP exchange of
Goa was essential for NB orientation. Taken together, these
results suggest that upon the reception of extrinsic signals
from the epithelium, Tre1 orients the NB polarity by facilitating
the GDP-GTP exchange of Goa.
Tre1 Recruits Pins in a Goa-Dependent Manner
We next investigated how Tre1-Goa signaling recruits the
polarity complexes to the apical cortex facing the epithelium in
NBs to orient their cortical polarity. Pins is one of the twoGoLoco
proteins that are able to interact with the GTP-form of Ga protein
(Kopein and Katanaev, 2009; Meng et al., 1999), and to interact
physically with both GDP- andGTP-forms of Goa in vitro (Kopein
and Katanaev, 2009; Figure 6A). However, the physiological
significance of the interaction between Goa and Pins is not clear
in NBs.
To test the possible involvement of the Pins-Goa interaction in
Tre1-Goa signaling in NB orientation, we examined whether Tre1
was able to recruit Pins through Goa using an induced polarity
assay in S2 cells (Johnston et al., 2009). We fused Tre1 protein
Figure 5. Tre1 Oriented NB Polarity through the Activation of Goa
(A and B) Physical interaction between Flag-Tre1 and Goa or Gai. Cell lysate was immunoprecipitated using anti-Flag antibody before immunoblotting with anti-
Goa, anti-Gai or anti-Flag antibodies. Interaction between Gai-GDP (G204A) and Pins was shown as a control. (C) The last ten amino acid sequences of Ga
proteins. Only Goa has a cysteine residue at the forth position from the C terminus (arrow), which can be modified by PTX.
(D–G) Effects of PTX expression on NB orientation in wild-type embryos. Orientation of NB polarity (F) and coupling of NB polarity and spindles (G) were
calculated. Arrowhead; GMCs in abnormal positions.
(H–J) NB orientations in sca-Gal4;UAS-PTX embryos simultaneously expressing the PTX-resistant Goa (H), its GDP- (I), or GTP-form (J).
Scale bar: 10 mm.
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(Ed-Tre1) and expressed it in S2 cells (Figure 6B). When these
cells aggregated, Ed-Tre1 accumulated at the cell-cell contact
sites via homophilic binding of Ed (Bai et al., 2001). Using this
assay system,we analyzed the physical interaction by examining
whether a protein-of-interest was recruited to the cell-cell con-
tact site via the Ed-Tre1 fusion protein. We first tested Goa
that is localized to the entire cell cortex in S2 cells. When Goa
was overexpressed in the S2 cells expressing Ed-Tre1, the accu-
mulation of Goa was observed at the cell-cell contact sites in a
Tre1-dependent manner (Figures 6C–6C00), confirming the asso-
ciation of Tre1 with Goa. Next, we examined whether Tre1 inter-
acted with Pins using this assay system. Because Pins does not
localize to the cell cortex in S2 cells, a membrane-bound form of
Pins was used. Ed-Tre1 could recruit the membrane-bound form
of Pins to the contact sites only in the presence of Goa (Figures
6D–6E00). These results demonstrate that Tre1 interacts with Pins
in a Goa-dependent manner.
We were also able to detect the interaction between Goa and
Pins using the in vivo co-IP assay in wild-type (Figure 6F). The
interaction of Goa with Pins was lost when the tre1 mutant
embryos were used, whereas the Gai-Pins interaction was notDeveaffected (Figure 6F), indicating that the Goa-Pins interaction
required Tre1 in vivo. Because Tre1 functions through the activa-
tion of Goa in NB orientation, this result suggests that the Goa-
Pins interaction in vivo also requires the activation of Goa by
Tre1, which contrasts the in vitro findings (Kopein and Katanaev,
2009; Figure 6A). These contradictions between in vivo and
in vitro results have also been found in other studies on Goa
and its binding partners (Egger-Adam and Katanaev, 2010; Pur-
vanov et al., 2010), and suggest that some molecule(s), which is
absent in in vitro experiments, affects the affinity of Goa to its
binding partners in vivo. Gai is a candidate for such a molecule
because Pins, which have three GoLoco motifs, can bind to
both Gai and Goa simultaneously (Kopein and Katanaev,
2009). We, therefore, examined the effect of Gai on the interac-
tion between Pins and Goa and found that, in the presence of
Gai, GTP-form of Goa showed much higher ability to bind Pins
than its GDP-form (Figures 6G–6I); the presence of Gai signifi-
cantly reduced the binding of GDP-form of Goa to Pins, com-
pared with in its absence, while the binding of GTP-form of
Goa to Pins was not changed in both conditions (Figure 6H).
On the other hand, the binding of Gai to Pins was rather reduced
by the presence of GTP-form of Goa compared with thelopmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc. 85
Figure 6. Tre1 Recruited Pins through the
Activation of Goa to Orient NB Polarity
(A) Physical interaction between Flag-Pins and
Goa. Cell lysate was immunoprecipitated using
anti-Flag antibody before immunoblotting with
anti-Goa or anti-Flag antibodies.
(B) Schematic drawing of the modified induced
polarity assay. The extracellular domain of Ed and
the Flag tag were fused to the N terminus of
the Tre1.
(C–E00) Staining of S2 cells in this assay. Arrow-
heads; cell-cell contact sites. In (F)–(F00), Goa
was knocked down by dsRNA because S2 cells
endogenously express Goa.
(F) Co-IP assays using wild-type or tre1 mutant
embryos showed physical interactions in vivo
between Pins and Goa or Pins and Gai. Embryonic
lysates were immunoprecipitated using anti-Pins
antibody before immunoblotting with anti-Goa,
anti-Gai, or anti-Pins antibodies.
(G–I) Physical interaction between Flag-Pins and
Goa in the presence of Gai. Cell lysate was im-
munoprecipitated using anti-Flag antibody before
immunoblotting with anti-Goa, anti-Gai or anti-
Flag antibodies. Relative signal intensities of
immunoprecipitated Goa and Gai are shown in (H)
and (I), respectively (n = 3). Mean ± SD is shown in
(H) and (I).
**; p < 0.01. ***; p < 0.001. n.s.; not significant.
Scale bar: 10 mm.
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that the affinity of Gai to Pins is higher than that of GDP-form of
Goa and lower than that of GTP-form of Goa. The preference of
GTP-form of Goa in binding to Pins in the presence of Gai is
consistent with our in vivo co-IP results (Figure 6F). Taken
together, our results indicate that the activation of Goa by Tre1
is important for the interaction of Pins with Goa, and hence
also important for Pins-Tre1 interaction in vivo in recruiting
Pins to the apical cortex.
DISCUSSION
Here, we demonstrated that the relative orientation of NBpolarity
was regulated by GPCR-G protein signaling in the embryo and
played a role in the establishment of CNS tissue polarity. This
study thus suggests a comprehensive mechanism that orients
the Par-complex dependent polarity of cells and their asym-
metric divisions in response to extrinsic signals.
Model for the Mechanism of Tre1-Dependent NB
Orientation
Our findings lead us to propose a model for the mechanism that
determines the relative orientation of NB polarity in embryos (Fig-
ure 7). Cortical polarity of NBs is cell-autonomously established
by the sequential actions of individual components that consti-
tute the polarity complex, which includes the Par-complex,86 Developmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc.Pins-Gai complex and Insc. However,
these processes alone do not determine
their relative orientation within sur-
rounding tissues. Pins needs to bind tothe GDP-form of Gai to be localized to the membrane and for
the conformational change in NBs (Nipper et al., 2007; Yu
et al., 2003). Thus, Pins likely preloads the GDP-form of Gai
when it interacts with Goa (or Tre1- Goa) at the cell cortex in vivo.
Our data indicate that the binding capacity of Gai to Pins is
higher than that of GDP-form of Goa and is lower than that of
GTP-form of Goa. Thus, the Pins-Gai complex would have a
weak affinity to Tre1-Goa, unless Goa is activated. We presume
that Tre1 receives extrinsic signals from (or participates in the
interaction with) the epithelium on the apical side of the NBs,
thereby activating Goa. This local activation of Goa, in turn,
enables the Pins-Gai complex to bind to the GTP-form of Goa
because of the higher binding capacity to the GTP-form of Goa
than to Gai. Thus, local activation of Goa on the apical surface
captures Pins in the polarity complex and consequently recruits
the polarity complexes to the apical cortex via the interaction
with Pins and Insc (Yu et al., 2000), which binds to Bazooka
(Schober et al., 1999; Wodarz et al., 1999). Our model suggests
a role for Pins as the mediator of extrinsic GPCR-G protein
signaling to dictate the position of the Par-complex in NBs, in
addition to the previously known function of Pins in spindle orien-
tation (Yu et al., 2000).
Tre1 Signaling Acts Upstream of Centrosome Function
Previous studies have suggested that the centrosome/
microtubule functions to orient the NB polarity in the larval
Figure 7. Working Model for NB Orientation
A model for Tre1-dependent orientation of NB polarity relative to the epithe-
lium. See Discussion for details.
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Tre1 GPCR Orients Neural Stem Cell PolarityCNS (Januschke and Gonzalez, 2010). In contrast, the orienta-
tion of cortical polarity in the embryonic CNS is not affected by
microtubule disruption, which compromises centrosome posi-
tioning (Siegrist and Doe, 2005; this study). Therefore, a microtu-
bule-independent mechanism determines the orientation of NBs
(Siegrist and Doe, 2005, 2006), making it difficult to understand
the comprehensive mechanism for NB orientation. The Tre1-
dependent extrinsic mechanism that we identified was neces-
sary for the normal orientation of cortical polarity and inde-
pendent of the centrosome/microtubule function. These results
indicate that Tre1-Goa signaling is the dominant mechanism
over the centrosome/microtubule function for the orientation of
cortical polarity in embryonic NBs. Interestingly, the orientation
of cortical polarity (polarity complex) was not completely
randomized in the absence of tre1 function but was restricted
within the range of 90 degrees toward the overlying epithelium.
This restriction was released by disrupting the microtubules.
Thus, a tre1-independent mechanism involves centrosome/
microtubule functions, and restricts the orientation of the polarity
complex to a certain extent in the absence of the tre1-dependent
mechanism. In the tre1 mutant, each NB may divide in variable
orientations at every division, or undergo consecutive mitosis
in an oblique direction within this range of angles after the first
division.
Why does the embryonic CNS require extrinsic signals for
NB orientation? One possible reason is based on the changes
in the shape of the ventral nerve cord during the processes of
the elongation, segmentation and shortening of the germ-
band. Cells in this tissue are dynamically rearranged during
these processes in contrast to the larval NBs, which are wrap-
ped by glial cells and static compared to embryonic NBs.
Embryonic NBs might need to maintain their relative orienta-
tion with regard to the reference tissue (the epithelium), and
signals from or interactions with the epithelium may pro-
vide a spatial cue to NBs during the embryonic CNS
development.DeveDevelopmental Change in the Regulation of NB
Orientation
It has been revealed that the regulation of NB orientation
depends on the developmental stages. NBs no longer orient
themselves perpendicular to the epithelium in later stages (partly
seen in stage 14 and evident after stage 15) in the wild-type
embryos (Siegrist and Doe, 2006). Furthermore, there is no
obvious defect in NB orientation in the first cycle of NB division
in tre1 mutants (this study), suggesting that Tre1 signaling is
dispensable during the first NB division. NBs are first specified
within the epithelial layer, and they delaminate basally from the
epithelial layer. During this process, NBs appear to inherit epithe-
lial polarity; the polarity complexes are first enriched in the stalk
region within the epithelial layer. Upon the completion of the
delamination process, the polarity complexes localize to the
apical cortex of NBs to organize cell polarity, which underlies
asymmetric cell division (Knoblich, 2001). In the first cell cycle
of NB divisions, the polarity complexes are already localized
at the apical cortex. Therefore, the extrinsic signal to localize
the polarity complexes does not seem necessary under this
condition.
By contrast, in the later stages of development, NBs (and the
CNS tissue) are separated from the epithelial layer, and the orien-
tation of NB polarity is no longer perpendicular to the epithelial
layer. There seems to be no regulation of NB orientation (Siegrist
and Doe, 2006). At these stages, the dynamic movements of the
CNS tissue have been completed and the CNS tissue has
already established its polarity through the directional divisions
of NBs in the earlier stages, which makes the directional divi-
sions of NBs dispensable to establish and maintain its tissue
polarity.
Neuron-Glia Interactions for Robust CNS Development
Our genetic data suggested that abnormalities in neuronal posi-
tioning in the absence of tre1 function were compensatively cor-
rected by the glial function. In the larval CNS, glial cells encase
a NB and its progeny neurons. These glia support neuronal posi-
tioning by wrapping the cell bodies of progeny neurons together
(Awasaki et al., 2008; Dumstrei et al., 2003; Hoyle, 1986). Defects
in enwrapping glial cells in the larval CNS cause mispositioning
of neurons and, in turn, misrouting of their axons. These defects
are similar to those observed in tre1;repo double mutant embry-
onic CNS. Embryonic neurons are also associated with several
types of glial cells (Ito et al., 1995). However, little is known about
whether some glial cells have an equivalent function to larval en-
wrapping glia during embryonic CNS development. We found
that the modes of the interaction between neuronal clusters
and glia were not homogeneous in embryonic CNS, based
on our observations of Even-skipped+ neuronal clusters. Cell
bodies of some neuronal clusters appeared to associate with
glial cells as in larval CNS, while others associated with glial cells
through their axons rather than their cell bodies. The absence of
functional glial cells does not solely affect neuronal positioning in
the repo mutant embryo, unlike the defects in glial cells in the
larval CNS. We interpret that Tre1-dependent directional divi-
sions of NBs give rise to this robustness to mask defective
neuron-glia interactions. Therefore, the tre1 mutant will provide
a useful paradigm to explore the role of neuron-glia interactions
in regulating the robust development of the neural tissue.lopmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Inc. 87
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Mechanism of Stem Cell Orientation
In this study, we showed that the extrinsic mechanism that
oriented NB polarity did not directly operate on the Par-complex
itself to localize it to the apical cell cortex. Instead, Pins, which
regulates spindle orientation through the interaction with astral
microtubules, was the target of the extrinsic signal controlling
NB orientation. Is there any advantage or rationale to explain
why the master regulator of the asymmetric cell division is not
directly regulated to determine the relative orientation of NBs?
To answer this question, it would be worthwhile to compare
NBs and sensory precursor cells (pI cells) of the Drosophila
peripheral nervous system. In the pI cells, there are two polarity
axes, one in the apical-basal orientation and the other within the
epithelial plane. The orientation of cell polarity within the epithe-
lial plane is regulated by the extrinsic planar cell polarity (PCP)
pathway. The Par-complex and the Pins-Gai complex are sepa-
rately localized at the posterior and anterior lateral cortex of
pI cells, respectively (Bellaı¨che et al., 2001a, 2001b; Gho and
Schweisguth, 1998; Segalen and Bellaı¨che, 2009; Se´galen et al.,
2010). Consequently, the orientation of division is regulated by
the Pins complex in the epithelial plane. By contrast, there is
another mechanism regulating the orientation of pI cell division
along the apico-basal axis (David et al., 2005; Segalen and Bel-
laı¨che, 2009). Frizzled in the PCP pathway directly associates
with Mushroom body defect (Mud) and pulls the mitotic spindle
toward the posterior apical boundary. Overall, the mitotic spindle
is directed by the combined functions of Pins and Frizzled in pI
cells. Therefore, the orientation of cell polarity and the division
of typical neural progenitor cells is primarily regulated through
the position of the Pins complex but in different combinations of
the cell polarity axes depend on the cell context. We have not
observed defects in mitotic spindle orientation in epithelial cells,
while Pins binds to Lethal giant larvae (lgl) to localize to the lateral
cell cortex in mammalian epithelial cells (Yasumi et al., 2005),
further investigation is required to identify the transmembrane
interactions that direct Pins to the lateral cortex.
GPCR-Pins Signaling May Be a Conserved Mechanism
to Regulate the Orientation of the Stem Cells
Tre1 has been identified as a molecule that regulates germ cell
migration and is regarded as a functional homolog of the verte-
brate CXCR4, a G protein-coupled receptor for SDF-1 in mam-
malian germ cell migration (Kamps et al., 2010; Kunwar et al.,
2003, 2008). CXCR4 also functions in the maintenance of stem
cells in many tissues (Klein and Rubin, 2004). Therefore, GPCRs
such as CXCR4 may function in the orientation of tissue stem
cells in vertebrates similar to the role of Tre1 in Drosophila. The
Par-complex is widely used for the creation of cell polarity in
both dividing cells and postmitotic cells (Suzuki and Ohno,
2006). Pins (and mammalian homologs LGN and AGS3) is widely
used to determine the orientation of mitotic spindles during the
asymmetric divisions of various stem cells or progenitor cells
(Konno et al., 2008; Morin et al., 2007; Williams et al., 2011).
Although a previous study failed to detect in vitro binding of
GTP-form of Goa to some GoLoco domains of the mammalian
Pins homologs (Kopein and Katanaev, 2009), the in vivo interac-
tions of GTP-form of Goa with mammalian Pins remain to be
tested. Thus, our results raise the possibility that GPCR-Pins88 Developmental Cell 22, 79–91, January 17, 2012 ª2012 Elsevier Insignaling, together with the Par-complex, functions to align
polarized cells in the same direction to establish and maintain
tissue polarity.
EXPERIMENTAL PROCEDURES
Fly Stocks
The tre1 deletion mutants were generated by the imprecise excision of P{EP}
Tre1EP496. We used tre1D10 in all of the experiments.
The tre1mg gene contains the 0.75-kb tre1 promoter region and the tre1
gene region. A Myc tag was inserted just after the start codon.
Constitutive GDP- or GTP-forms of Goa were made using G203T or Q205L
substitution, respectively (Katanaev et al., 2005). PTX-resistant Goawasmade
using the C351G substitution of the wild-type Goa, Goa-GDP and Goa-GTP
(Wise et al., 1997).
The following fly lines were used: UAS-myc-tre1, repo03702, pinsp62,mudf33,
Goa0611 (A. Tomlinson, Columbia Univ.),UAS-PTX (G. Roman, Univ. Houston),
pros-Gal4, sca-Gal4, CQ2-Gal4;UAS-tau-lacZ and repo-Gal4;UAS-CD8-GFP.
w1118 was used as the wild-type.
RT-PCR
Total RNA from w or tre1mutant embryos was isolated using TRIZOL reagent
(Invitrogen). The cDNAwas synthesizedwith ReverTra Ace reagent (TOYOBO).
PCR was performed with the following primers: Tre1-F, GATCAGGACATGGG
CATGGCAACGGGCTAC; Tre1-R, TCATACTGAATATGTTTGGCACATTTGG;
Goa-F, ATGGGCTGCGCACAGTCTGCCGAGGAGCG; and Goa-R, TTAGTA
CAGTCCACAGCCGCGCAGGTTG.
Immunohistochemistry
Immunohistochemical staining of Drosophila embryos was performed as
previously described (Ogawa et al., 2009).
The following primary antibodies were used: mouse anti-Mira, rabbit anti-
Par-6, rabbitanti-Bazooka, rabbit anti-PKCz (SantaCruz), rabbitanti-Pins, rabbit
anti-Gai, rabbit anti-Insc, mouse anti-Worniu (X. Yang, IMCB), rat anti-Pros, rat
anti-Elav (DSHB), rabbit anti-Asense (Y. N. Jan, UCSF), rabbit anti-Even-
skipped, rabbit anti-Eagle (C. Q. Doe, Univ. Oregon), guinea pig anti-Kruppel
(T. Isshiki, Keio Univ.), rat anti-hunchback (Segmentation Antibodies), mouse
anti-Repo (DSHB), mouse anti-FasII (DSHB), guinea pig anti-CNN, mouse
anti-BP106 (DSHB), rabbit anti-pH3 (Upstate), chicken anti-b-Galactosidase
(Novus), chicken anti-GFP (Aves labs) and mouse anti-Myc (4A6, Millipore).
Drug Treatment
Colcemid treatment of Drosophila embryos was performed as previously
described (Siegrist and Doe, 2005).
Statistical Analysis of Neuronal Positioning and Axon Fasciculation
Z-stacked images through the ventral nerve cords from the ventral view were
used.
For Even-skipped+ U neurons, the averages of the percentages of neuronal
clusters that were larger than 16 mm in diameter in each embryo were
calculated.
For the detection of Eagle+ neurons, the following methods were used: first,
we determined the center of each neuron; second, we drew a square by con-
necting each center, setting the total length of the sides of the square as the
minimum length; and finally, we calculated the total length of the sides of the
square of each neuronal cluster.
For FasII+ axons, the averages of the percentages of segments with defec-
tive axon fascicules in each embryo were calculated.
Statistical significances were evaluated using the Student’s t test.
For the three-dimensional image reconstruction, Z-series images at 1 mm
intervals were reconstructed using the Volocity software (Perkin Elmer).
Co-IP of S2 Cell Lysates
Maintenance of S2 cells and transfection were performed as previously
described (Ogawa et al., 2009).
Two days after the transfection, the cells were suspended in lysis buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM MgCl2, 10% glycerol,c.
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Tre1 GPCR Orients Neural Stem Cell Polarity1% NP-40, EDTA-free protease inhibitor cocktail and EDTA-free phosphatase
inhibitor cocktail [nacalai tesque]). The cleared cell lysate was subjected to IP
using the mouse anti-Flag M2 antibody (SIGMA), and the immunoprecipitate
was probed with rabbit anti-Flag (SIGMA), rabbit anti-Goa, or rabbit anti-Gai
antibodies.
Co-IP of Embryonic Lysates
Co-IP of embryonic lysates was performed as previously described (Izumi
et al., 2006) with somemodifications. We used the lysis buffer that is described
above. IP was performed using the rabbit anti-Pins antibody, and the immuno-
precipitate was probed with rabbit anti-Goa, rabbit anti-Gai, or rabbit anti-Pins
antibody.
Induced Polarity Assay
Induced polarity assays were performed as previously described (Johnston
et al., 2009).
The membrane-bound form of Pins was constructed by the fusion of Pins to
the palmitoylation signal of GAP-43 (Skene and Vira´g, 1989).
Immunocytochemistry was performed with the following antibodies: mouse
anti-Flag M2 (SIGMA), rabbit anti-Flag (SIGMA), chicken anti-Myc (Bethyl
Laboratories), mouse anti-Myc (4A6, Millipore) and rabbit anti-Goa.
RNAi was performed as previously described (Worby et al., 2001).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and two movies and can be
found with this article online at doi:10.1016/j.devcel.2011.10.027.
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